INTRODUCTION
A widely accepted model for a geothermal resource area consists of a permeable section of crust with circulating water or steam heated from below by a high-temperature cooling pluton. We investigated the potential use of intermediate-period (1-30 s) seismic body and surface waves in locating and outlining the source of upper crustal heat anomalies and present results of field work conducted on a site of intense geothermal activity, Yellowstone Caldera, Wyoming. The obvious surface hydrothermal displays and large volumes of extrusive volcanic rock there imply abundant recent volcanic activity [Eaton et al., 1975] . Geophysical evidence from several studies, including aeromagnetic anomalies and shallow seismicity , heat flow [Morgan et al., 1977] , gravity [Eaton et al., 1975] , and teleseismic P travel times [Iyer, 1975; Iyer et al., 1981] , suggests the presence of a body with anomalously high _ temperature and low compressional wave velocity, extending from near the surface to perhaps over 200-km depth. The Yellowstone area therefore provides a natural laboratory in which to study the effects on seismic wave propagation of a large zone known to have a high heat content. In addition, determination of the shear velocity structure of the Yellowstone hot spot is expected to contribute to our understanding of the evolution of this feature and the adjacent Snake River Plain volcanic province, to which it bears a close relationship. It is well known that as materials approach their melting points, changes in shear modulus can be larger than for other elastic constants [Mavko, 1980] . This suggests that variations in shear wave velocities, if they can be resolved, could be a diagnostic property of localized crustal heat sources. S waves from local and regional earthquakes in the Katmai, Alaska, region were studied by Kubota and Berg [1967] . They used the lack of S phases on seismograms recorded by short-period vertical component instruments to infer the presence of about ten zones of magma. A similar study was done by Einarsson [1978] in Iceland. Data from Yellowstone presented by Pitt [1974] show attenuation of short-period P and S waves from local events, although the amount of attenuation observed in the caldera varies greatly, depending on the location of both source and receiver.
From the results of these studies, it is apparent that a unified experiment investigating anomalies in teleseismic compressional, shear, and surface wave velocity in an area such as Yellowstone would be a logical step in the application of seismic methods to geothermal exploration and to crustal-structure studies. Because much of the energy in these types of seismic signal lies outside the frequency range of standard portable microearthquake recording equipment, it was necessary to design and construct a recording system with an unconventional passband, as described in the following section. laboratory. To obtain the phase response of each instrument, we applied the Lissajous figure technique of Mitronovas and Wielandt [1975] , where the phase of a sinusoidal current passed through the calibration coils of the seismometers is compared with the phase of the output of each seismic channel; the standard error of the phase response values was 2 ø . This calibration was done under laboratory conditions and also several times in the field during the recording period. In the Yellowstone experiment, the amplifiers and seismometers were buried in mid-July, when air temperature varied from 21 ø to 4øC, and were removed in October, when the temperature was 4 ø to -12øC. Over that range of conditions, the measured phase response at each frequency varied by 1 ø or less at each station. Differences between instruments of between 5 ø and 8 ø in phase response were found, requiring that a separate phase correction be applied for each instrument when measuring surface wave phase velocities. Body wave readings were not corrected for station differences because scatter in the data was much larger than the magnitude of the instrument corrections.
STATION LOCATIONS
Because of time constraints imposed by instrument development, funding, and climate at Yellowstone, the field recording phase of this study was performed in two stages, each limited to about 6 weeks. In the first stage, four stations were deployed, three in a triangular array in the Yellowstone caldera (ARN, DEL, and RID) plus a travel time reference station (HEN) northeast of the caldera outside the park (Figure 1 ). Station HEN was located in a region of preTertiary volcanics and Tertiary crystalline and sedimentary rock outside the Yellowstone Quaternary rhyolite plateau. In order to probe shear velocities in the upper crust, the dimensions of the array (15 km on a side) were chosen to make it about half a wavelength across for use in analysis of surface waves with periods less than 10 s. The stations were placed in a part of the caldera having large teleseismic P residuals [Iyer, 1975] and access from roads.
In the second stage of the field work, stations at HEN, DEL, and RID were moved to form a four-station array within the caldera, and station ARN remained in place. Station separation was near 30 km to measure phase velocities at 10-to 30-s periods, and recording lasted another 6 weeks until the end of the field season. Table 1 where T represents arrival time of a phase at the caldera or reference station and A is epicentral distance.
Having obtained relative residuals for several earthquakes over a range of azimuths at ARN, DEL, and RID in the small array from the above formula, we measured residuals at GIB, OLF, and OTT in the larger array, which had no reference station outside the caldera, by using ARN as an intermediate reference having a known relative residual with respect to HEN (dependent on azimuth and epicentral distance). The formula for residual at, for example, OLF can Two arguments against the possibility that instrument variations are responsible for the differences in the waveforms shown in Figure 6 are as follows: first, differences between instrument phase response curves measured in situ were too small to alter the seismograms radically; second, field recordings from California [Levander and Kovach, 1979] , Nevada [Stauber, 1980] To begin the analysis of the Rayleigh wave data, the presence of clear Rayleigh waves on the records was verified by plotting particle motion in the vertical and radial plane and observing retrograde elliptical motion. Two techniques were then used to compute the phase velocitites; these were as follows:
1. Cross correlation by computer. The data were first time-aligned, corrected for interstation tape speed variation, tapered, and padded with zeroes. After applying the fast Fourier transform (FFT) algorithm, the phase values of the complex spectra were corrected for instrument differences and converted to a time value at each station. Phase velocity and azimuth were obtained by fitting a plane wave to the times [Kelly, 1964] for three or four stations, depending on the array in use.
2. Visual correlation similar to that done for body waves. This was done with time-aligned computer plots, some of which were bandpass-filtered to eliminate microseism noise. This served as a check on the computer FFT results. For most of the events analyzed, the time interval between minima in the envelope of the surface waves determined the length of the time window that was Fourier-analyzed and was rather short, usually about six cycles. These short segments of dispersed waveform contained a narrow band of frequencies which was broadened somewhat by the time domain windowing (frequency domain convolution). To reduce the possibility of velocity errors caused by a low signalto-noise ratio, only the Fourier components with the largest amplitude in a given time window were used for phase velocity measurements; no phase smoothing such as done by, for example, Boore and Toksoz [1969] was done in the frequency domain. At the frequencies of the spectral amplitude maxima, calculated azimuths from the array to the source regions differed from the great-circle azimuths by amounts that varied from one event to another (Table 4) . This difference was a slowly varying function of period in the immediate neighborhood of the dominant spectral component, and it generally varied by several degrees within groups of events which had the same great-circle azimuth, with western azimuths showing less variation than southeastern azimuths. The latter variation may be caused by To illustrate the range of two-velocity models which fit the measured residuals, the two solid curves in have used the ray-tracing method described above to model the relative P residuals reported by Iyer et al. [1981] . Because of the larger number of data available for P waves than shear waves, the uncertainty of fit is smaller, and we obtain 6.05 and 7.50 km/s for average compressional velocities in the crust and mantle. These estimates of compressional and shear velocities, V•, and Vs, are shown in Table 5 •' Shear velocity model derived from inversion of Rayleigh wave phase velocities. $ Body wave model derived from ray-tracing comparison of reference and caldera travel times.
õ Columns represent resolving kernel for layer indicated in left column; diagonal elements are underlined.
laterally homogeneous plane layers, infinite in horizontal extent (see Table 5 Figure 7 . As a check on the validity of the surface wave inversion, we calculated shear wave travel time residuals using model RW, and the results are shown as the dot-dash curve in Figure 5 . The residuals are about 0.7 s (12%) larger than residuals calculated from the body wave model; a reasonable explanation for this discrepancy is that the velocity in the topmost crustal layer has been underestimated. Raising the velocity of this layer to 2.40 km/s produces calculated residuals indistinguishable from the solid curves in Figure 5 and yields the calculated Rayleigh wave dispersion shown by the dot-dash curve in Figure 7 . The body wave results therefore suggest that the measured Rayleigh wave phase velocities at periods less than 13 s (based on data from a single event) are about 15% too low. In view of the uncertainties associated with the phase velocity measurements described earlier, we find the overall consistency between the body wave and surface wave results encouraging, although, considering the strong lateral heterogeneity associated with the caldera, the surface wave model must still be regarded as preliminary.
Poisson's ratio •r in each layer is listed in Table 5 Mechanisms producing frequency-dependent velocity and attenuation have been discussed by several authors and include the following: (1) melt squirt and phase change [Mavko, 1980] , (2) frequency-dependent softening due to lowering of mineral surface free energy by pore fluids [Spencer, 1981] , (3) subsolidus grain boundary relaxation [Goetze, 1977] , and (4) thermally activated lattice defects [Shaw, 1978 
